energy barrier, the reaction coordinate of (1) involves a quantummechanical, temperature independent frequency; and with this model the low pre-exponential factor and negative activation energy of reaction
Two recent measurements ' of the rate coefficients for the reaction (1) 3-6 differ substantially from other measurements both as to value at 298 K and as to temperature dependence. Wine over the temperature range 245-423 K. The activation energy is of small magnitude but it has the usual sign, and the pre-exponential factor is within the range regarded as "normal."
Since recent measurements of the rate constants for reactions (1) and (2) differ substantially from the body of older data, it is desirable to reinvestigate these reactions in several different laboratories. In the present study the technique of laser flash photolysis coupled with product detection by resonance fluorescence (FP/RF) was used to study reaction (1) from 218 to 363 K and to study reaction (2) at 298 K •
..: -_ ·~ 7.
The ratio of pre-exponential factors for these two apparently similar reactions is 165, and the ratio of rate coefficients k 2 /k 1 is 12 at room temperature. In view of the low pre-exponential factor for k 1 , the negative activation energy for (1) , and the large ratio k 2 /k 1 , , a complex mechanism, such as 3 (3) has been postulated where all steps presumably depend on foreign gas concentration. However, this study includes an examination of rea~tions Experimental ~e apparatus used in these experiments is shown in Fig. 1 . Two photolysis cells were employed. 16 The first, designed after Magnotta, was used for early experiments at 298 K. Later temperature-dependence experiments were performed in the cell shown in Fig. 2 , similar to one . 17 described by W~ne, Kreutter and Ravishankara. The jacketed Pyrex cell was externally blackened to reduce scattered light, wrapped with aluminum foil to minimize radiative heat exchange, and enclosed in a vacuum housing pumped to 10 microns for insulation. Methanol (218-273 K) or ethylene glycol (273-363 K) from a circulating temperature bath was passed through the cell jacket for temperature control. A temperature sensor, which could be inserted into the reaction zone, determined the gas temperature to ± 1 K. Two Suprasil-1 lenses were used weakly to focus light from the resonance lamp into the reaction ·zone and to collect resonantly scattered radiation for focusing on to the PMT detector. All window materials were Suprasil-1 or CaF 2 •
The resonance lamp used for HO radical resonance fluorescence detection was operated with a 3%.H 2 0/Ar mixture at "' 700 microns total pressure, and used a 2.45 GHz current-stabilized microwave generator.
Vycor was used as a lamp win.dow to eliminate unwanted UV and VUV radiation emitted from the lamp. The detection system consisted of a cooled RCA 31034 PMT and a baffled Hoya "Peak 320" color filter and 307 ± 15 nm interference filter. These filters passed the HO (A 2 r+ -2 X ~i) (0,0) band while rejecting scattered photolysis laser light.
Response of the detection system was shown to be linear from 0. 
The pseudo-first order constant k' is determined by_ a least sq~ares analysts of (4) or (6), and it has the property
The second-order rate constant of interest k 1 is obtained from the slope of a plot of k' vs [HN0 3 ]. The intercept gives kd, which is a firstorder rate constant describing HO removal processes not proportional to the concentration of reactant, such as diffusion, reaction with carrier gas or impurities, and flow. In the HN0 3 study, corrections
were considered for the competing reaction
The ratio of the rate of (8) to that of (1) 
where k 8° is the low-pressure limit, 2. Table 1 .· Ari·Arrhenius plot k = A exp(-E/RT) (9) for these results is shown in Fig. 5 , and the temperature-dependent rate
s According to gas phase reaction rate theory, a low activation energy E may not be caused by a potential-energy barrier between reactants and products, but rather it may simply depend on the net power of T in the rate expression k -BTn (10) for which the "activation energy" is nRT. These data are plotted as log k vs log T in Fig. 6 . The slope indicates the exponent n in (10) to be -2.29 ± 0.23. Our results are compared with those of other investigators in The rate coefficient for the reaction of hydroxyl radicals with nitric acid has an exceptionally low pre-exponential factor and a negative activation energy, that is, the rate constant increases as the temperature decreases. One suggested explanation for these unusual features is that the process is chemically complex, consisting of two 
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According to transition-state theory, the rate constant is
h qAqB where qA and qB are molecular partition functions per unit volume I
respectively for HN0 3 and HO, qf is the molecular partition function for the trans~tion state omitting the reaction coordinate, K is the "transmission coefficient" or the probability per vibration of the 0-H-0 group that the water molecule will form and fly apart, and E is the activation energy in Kelvin units. In standard forms for translational and rotational partition functions, the rate constant may be expressed as (12) where the activation barrier is taken to bezero. The term f(q) involves the vibrational partition functions for reactants and transition state (13) where qir refers to the restricted internal rotation in nitric acid and all other q's have the form
This model takes the electronic partition function of the transition state to be the same as that for the hydroxyl radical. At the low temperatures of this study, any vibrational frequency greater than about 1000 cm-l has a very small effect on the rate expression, and the key to a simple evaluation of (12) is to match up and cancel similar·· terms between the transition state and the reactants and to identify the low frequency terms that do not cancel.
The normal coordinates of nitric acid, hydroxyl radical, and the transition sta.te are classified in Table 4 in terms of in-plane (II) and out-of-plane <1> motion, in terms of translational (tr) and rotational (rot) coordinates, and in terms of internal coordinates, including stretching (str), bending (b), internally rotating (i.r.), ring stretching and bending (ring), and reaction (rc) coordinates.
In (12) Table 4 ; most of these have such high frequencies that their partition functions (14) are close to unity at these low temperatures; and even if the partition functions are slightly greater than one, these terms are effectively eliminated by matching and canceline. The unmatched normal coordinates in Table 4 tetrahydropyran.
The range of values was 229 to 752 em , and the
average value was 421 em The vibrational frequencies of gas-phase 23-25 formic acid dimers were observed and analyzed.
These dimers involve a hydrogen-bonded eight-member ring, and identified ring- The ratio of molecular weights contributes a factor of 1.43 to (12) , the ratio of principal moments of inertia (Fig. 8 ) contributes a factor of 2.5 to (12) , and the restricted rotor symmetry number is a factor of 2. With the physical and molecular constants and with these ratios, the theoretical rate-constant expression is 14 (16) At low temperatures q. has the form of (14) with a torsional frequency ~r of 425 cm-l As a line of reference, the five frequencies of the transition state were set to very large values (oo); and (16) was evaluated from 167 to 1000 K and plotted as the dashed curve in Fig. 9 , which includes a heavy line based on the observed data. On this simple basis, the calculated rate is slower than that observed, whereas the problem seemed to be too low observed rate constant; and the reaction has a negative activation energy, but less in magnitude than that observed.
The five frequencies of the transition state were set equal, assigned around 200 em , the rate constant increases with increasing temperature.
One might expect the hydrogen-atom motions to have higher frequencies than the motions of oxygen and nitrogen atoms. On this basis, two frequencies were set to 1000 cm-l and the other three varied between 800 and 150 cm-l The fan of calculated curves is similar to that in Fig. 9 , and no set of frequencies could be found that more-or-less matched both the absolute values and the slope (vs T) of the observed rate constants.
Perhaps this discussion should be dropped here, with the assessment that simple transition state theory semi-quantitatively accounts for the low pre-exponential factor and somenegative activation energy.
The discrepancies would then be ascribed to the simplicity of tbe t;l!~o,ry and the crude method of handling the structural model. However, further considerations of the simple theory suggest an additional interpretation.
What is needed to fit the model to the data is a higher power of T in the denominator of (12) 
and one may re-examine the term(~ kT/h) in the numerator of (17).
In the simplest derivation of transition-state theory, the transition state is said to move toward products with a frequency v* and this coordinate is ascribed a partition function of the form of (14) .
The reaction coordinate is assumed to have a low frequency such that (14) reduces to the classical-mechanical limit, kT/hv* kT/h (18) and the unknown frequency of the reaction coordinate cancels to give the universal frequency kT/h. In the present case the reaction coordinate in the vibration of a hydrogen atom between two oxygen atoms In this case at room temperature, the Uncertainty-Principle momentum for a hydrogen atom corresponds to a zero-point energy along the reaction coordinate that exceeds kT by a factor of 8, whereas it should be much 17 less than kT to justify the continuous integrations that are carried out.
Even along the constant potential-energy channel, the reaction coordinate involves an almost temperature-independent quantum-mechanical frequency factor related to zero-point energy.
The rate constant k was evaluated from (19) using several sets of transition-state frequencies as adjustable parameters. For values of VII and Vl used in Fig. 9 , and in other similar calculations, the value of (KV*) was adjusted to give k = 9.0 x l0-14 cm 3 s-l at 400 K, and then the effect of temperature from 400 to 200 K was predicted. This procedure is illustrated for eight sets of frequencies in Table 5 and in Fig. 10 . The upper panel in Fig. 10 aFlow rate through interaction region; bError limits cover ± 20' of all points; cPerformed in first cell; other points in cell of Fig. 2; dUV absorption cell placed after photolyis cell; place before cell on other runs. are assigned 1000 em
In each case (KV*) of (19) is adjusted to give agreement between theory and experiment at 400 K; these values are listed in Table 5 . 
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